Uncomplicated pregnancies (n ¼ 16) were evaluated longitudinally and compared to early-(n ¼ 12) and late-onset (n ¼ 14) preeclampsia patients, assessed once at diagnosis. Pulse transit time (PTT), equivalent to pulse wave velocity, was measured as the time interval between corresponding characteristics of electrocardiography and Doppler waves, corrected for heart rate, at the level of renal interlobar veins, hepatic veins, and arcuate branches of uterine arteries. Impedance cardiography was used to measure PTT at the level of the thoracic aorta. In normal pregnancy, all PTT increased gradually (P .01). Pulse transit time was shorter in late-onset preeclampsia (P < .05) and also in early-onset preeclampsia, with exception for hepatic veins and thoracic aorta (P > .05). Our results indicate that PTT is an easy and highly accessible measure for vascular reactivity at both arterial and venous sites of the circulation. Our observations correlate well with known gestational cardiovascular adaptation mechanisms. This suggests that PTT could be used as a new parameter in the evaluation and prediction of preeclampsia.
Introduction
Conduction of cardiac signals throughout heart and blood vessels, the so-called pulse transit time (PTT), can be measured by echocardiography 1 and photoplethysmography. 2, 3 The anatomical distance from the heart 2, 4 and the organ-specific morphology and/or histology play a role in this signal transmission. On top of this, physiological/pathophysiological and pharmacological conditions influence this conduction, such as ageing, 2,5 medication, 3 and disease. 6 Here, arterial wall stiffness influences the PTT of the arterial pulse 2 and therefore vascular tone is considered to play a role in the conduction of cardiac signals. Until now, PTT has been evaluated extensively in arteries but no data have been reported from the venous side of the circulation. On top of this, current methods of arterial PTT measurements require additional education and equipment not directly available for obstetricians.
Pregnancy is associated with a reduction in total peripheral resistance and increased vascular compliance. 7 Preeclampsia is a gestational disease with increased vascular resistance, characterized by hypertension and proteinuria. 8, 9 The cardiovascular background mechanisms associated with preeclampsia involve both the arterial and venous compartment. 10, 11 We recently reported a cross-sectional pilot study using standard Doppler ultrasound in combination with the maternal electrocardiogram (ECG) and observed an increase in the venous ECG-Doppler time interval or venous PTT in uncomplicated pregnancies (UPs). This parameter was significantly lower in preeclampsia. 4 A longitudinal study was initiated for the establishment of a normal range for venous PTT throughout pregnancy, as a reference for measurements in preeclampsia. Following this, we also evaluated PTT at the uterine arcuate arteries using combined ECG-Doppler ultrasound and at the thoracic aorta using impedance cardiography (ICG).
Materials and Methods
A longitudinal study was performed in a population of randomly selected pregnant women presenting at the Department of Obstetric Ultrasound or admitted to the Maternal-Fetal Medicine unit of Ziekenhuis Oost-Limburg, Genk, Belgium. Approval of the local ethical committee was obtained before the onset of study (MEC ZOL reference: 08/049). Singleton pregnancies of women without a history of renal or liver disease were included, thus avoiding disease-induced flow changes. 12 Uncomplicated pregnancies were included at 6 to 8 weeks of gestation and were evaluated monthly until 6 to 8 weeks postpartum. A second group of women with preeclamptic pregnancies (PEs) were also included and classified into early-and late-onset PE according to gestational age at diagnosis (< and 34 weeks of gestation, respectively). Preeclamptic pregnancy was defined as gestational hypertension (140 /90 mm Hg) measured on at least 2 occasions 6 hours apart, associated with de novo proteinuria 300 mg/24 hours. 8 After verbal informed consent, all women underwent a conventional ultrasound scan in a supine position together with a Doppler flow examination of both the kidneys, liver, and uterus in the transverse plane, simultaneously with a maternal ECG. All examinations were performed by 2 ultrasonographers (G.W., M.T.) using a 3.5-to 7-MHz probe (Hitachi EUB 6500).
Identification of the renal interlobar and the hepatic veins was achieved by color Doppler flow mapping. Doppler signals were obtained between the renal pyelon and cortex at the level just above the hilus and in the cranio-caudal midportion of each of the 3 hepatic vein branches (left, middle, and right). The relevance of breath holding during Doppler measurements and the impact of maternal limb movements on the ECG signal was explained and demonstrated to every woman. 4 Next to this, we also obtained arterial signals at the level of the arcuate branches of the left and right uterine arteries in the myometrium. 13 For every woman, 3 consecutive Doppler flow images of each kidney, liver, and arcuate branches of both uterine arteries were stored digitally on the hard disk of the scanner for later analysis by the principal investigator (T.K.).
For the veins, the time interval between the ECG P wave and the corresponding venous Doppler A wave (PA in milliseconds) was measured ( Figure 1A ). The time interval (milliseconds) between the ECG Q wave and the start of the systolic Doppler signal or end-diastolic point D (QD in msec) was measured at the level of the uterine arcuate arteries ( Figure 1B ). As the heart rate increases with advancing gestation, 7 all measured PA and QD intervals were expressed relative to the ECG wave duration measured between consecutive R signals in milliseconds. Venous and arterial PTTs were labeled PA/RR and QD/RR, respectively. For normal pregnancies, 3 PA/RR and QD/RR intervals (PTTs) measured at each location were calculated and stored in the database.
We also performed ICG measurements on every woman included in the study, using the Non-Invasive Continuous Cardiac Output Monitor (NICCOMO, Software version 2.0, Medis Medizinische Messtechnik GmbH, Ilmenau, Germany). This system noninvasively obtains multiple cardiovascular parameters under physiological and stressed conditions. [14] [15] [16] Two dual sensors are placed on the patient's neck, 1 to each side, and 2 dual sensors are placed on each side of the thorax along the midaxillary line. Each dual sensor has 1 current electrode (most distal to the heart) and 1 measuring electrode (most proximal to the heart). The current electrodes pass an alternating current with a high frequency (60-100 kHz) and a very low amplitude (1 mA). The voltage which is produced when the current flows through the thorax is measured by the measuring electrodes. On the monitor 2 signals are depicted: the ECG and the ICG generated by this system. The location of the curve points on the ICG are derived from the basic waveform averaged over 16 heart cycles. During the measurements, ICG values were recorded every 2 seconds, and data were exported from the monitor into a database: 30 values of each parameter were eligible for analysis. 17 The pre-ejection period (PEP) measured by this device is the time interval in milliseconds between the Q wave of the maternal ECG and the start of systolic rise of blood flow velocity in the thoracic aorta. The heart period duration (HPD) is the time interval in millisecond measured between 2 consecutive ECG signals. As such, PEP/ HPD can be considered the ICG equivalent of the ECG-Doppler time interval QD/RR. Reproducibility of our methodology was high, as confirmed by ICG measurements in response to postural and diurnal challenge, using mean values of multiple measurements instead of individual measurements for each parameter. 17 To ensure consistency throughout the study, all women were examined in the supine position. Mean values of 30 consecutive measurements per minute under standardized conditions comparable to the ultrasound examinations were also stored in the database for later analysis.
To establish the reference curves, a linear mixed model was fitted to the data for each PTT separately. 18 As such, both intrasubject correlation over time and the repeated nature of measurements were accommodated, allowing assessment of a patient-specific profile and evolution over time. To avoid imposing parametric structures on the curve, an unstructured profile was considered. To this end, the data were binned in 4weekly intervals: 8 to 36 weeks of gestation, term, and postpartum.
Measurements in preeclampsia were obtained in a similar way, and the results were plotted against the normal values ( Figure 2 ). When comparing PE to UP, a subject-specific effect was included, i.e. patient-specific location (intercept) and patient-specific evolution over time (slope). Hence, the comparison was done using an F-test on 2 degrees of freedom.
Statistical differences between demographic characteristics was assessed by Fisher's exact test for the categorical variable ''nulliparous'' and Mann-Whitney U test for the continuous 
Results
A total of 16 women with UP, 12 women with early-onset, and 14 with late-onset preeclampsia were included. Gestational age and birth weight percentiles were lower in PE groups than in UP ( Table 1) .
All women with UP were evaluated at gestational age of 8 + 1, 12 + 0, 16 + 0, 20 + 1, 24 + 1, 28 + 1, 32 + 1, 36 + 1, 38 + 1 weeks of gestation, and at 7 + 1 weeks postpartum. Women with preeclampsia were evaluated at the moment of hospital admission, that is early-onset PE at 31 + 3 and late-onset PE at 37 + 2 weeks of gestation. Figure 2 represents reference ranges for PTTs ''PA/RR,'' ''QD/RR,'' and ''PEP/HPD'' in UPs at different stages of gestation. As is shown, all PTTs increased significantly throughout the course of normal pregnancy (P < .0001) and were significantly lower in postpartum as compared to term (P < .0001). Postpartum PTT values at the level of the liver and the thoracic aorta were not different from early pregnancy values (P ¼ .43 and .19, respectively), whereas all other PTT values were significantly shorter in postpartum than in early pregnancy (P < .02). Table 2 . The PTT intervals were significantly shorter in early and late PE than in UP at corresponding gestation for both kidneys and uterine arcuate arteries. At the level of the liver and the thoracic aorta, the PTT was significantly shorter in late PE compared to UP, but this was not true for early PE (Table 2, Figure 2 ). For all PTTs, the slopes but not intercepts were significantly different between early and late PE (Table 2, Figure 2 ).
Comparison between UP and early or late PE is shown in

Discussion
Pulse transit time is defined as the time (in msec) needed for a cardiac signal to travel through the vascular tree to distant locations or between 2 arterial sites 19 and can also be expressed as pulse wave velocity (PWV in cm/s). Under normal physiological conditions, it is influenced by autonomic nervous activity and therefore reflects vascular reactivity. 20 Reported physiological/pathophysiological conditions with impact on PTT are genetic factors, age, gender, blood pressure, smoking, and diseases such as atherosclerosis, hypertension, diabetes, renal failure, and hypercholesterolaemia. [21] [22] [23] Abnormal PTT can be present before clinical manifestation of cardiovascular disease, and for this its value as a biomarker for prediction of cardiovascular disease is currently under investigation. 24, 25 It is influenced by medications and can be used to assess pharmacodynamic effects and efficacy in clinical studies. 22, [25] [26] [27] Methods to measure PTT are applanation tonometry, [28] [29] [30] [31] photoplethysmography, 19, 20, 32 venous occlusion plethysmography, 33, 34 or whole body ICG. 35 However, these methods are not directly available for obstetricians and require additional education. To measure the PTT, we used standard Doppler ultrasound combined with maternal ECG, which has been shown to be highly reproducible. 4, 11 Studies on arterial PTT during normal pregnancy show conflicting results: a slight increase after the second trimester has been reported 36 as well as marginally different values between gestational age groups 31, 37 or a significant decrease throughout normal gestation. 34, 38, 39 These contradictory results were considered to result from other gestational hemodynamic adaptations in the arterial tree, which might mask or compensate the velocity changes and therefore decrease the usefulness of these parameters in the assessment of arterial stiffness in normal pregnancy. 31, 36, 37 As a consequence, considerable interindividual variation in hemodynamic parameters was observed after 32 weeks of gestation. 40, 41 We found a significant increase in QD/RR at the level of uterine arcuate arteries and of PEP/HPD at the thoracic aorta, with the widest range of variation at 36 weeks of gestation and at term ( Figure 2 ). We also found that women with early and late PE had significantly shorter uterine PTT than women with UP ( Table 2) , as shown by others. 30, 35, 36 This correlates with the known increase of vascular tone and total peripheral resistance in preeclampsia, 7 which induces faster transmission of cardiac signals through the circulation. 30, 35, 36 In normotensive pregnancies, a strong association of arterial stiffness with birth weight centiles and catch-up growth after birth has been reported. 29 Birth weight percentiles were lower in PE than in UP in our study ( Table 1 ).
In addition to these observations at the arterial site of the circulation, we found similar results in renal interlobar and hepatic veins. It is well known that the configuration of the venous Doppler waves represent characteristics of right atrial function of the heart. 42, 43 The ECG P wave and Doppler A wave are related to the same physiological event: right atrial contraction. Therefore, the time interval between P and A can be used to study the retrograde transmission of cardiac signals in the venous circulation. 4 As shown in Figure 2 , there is an increase in the PA/RR interval during the course of pregnancy, both at the level of hepatic veins and renal interlobar veins. As for uterine and aortic PTTs, all venous PTTs were significantly shorter for late-onset PE, but for early-onset PE this was not true at the level of hepatic veins ( Table 2 ). It is likely that this finding relates to the shorter distance from the heart to the liver than to the kidneys. Our results indicate that in PE, autonomic control of vascular hypertonia and pulse transit is not restricted to the arterial vascular tree but also affects the venous side of the circulation. On top of this, all PTTs behave significantly different between early and late PE, indicating a difference in the maladaptation or constitution of the vascular tree between these 2 types of the disease. 44 The finding of reduced PTT in PE opens perspectives toward research into the role of the venous system in the etiology of PE. It has been reported that women who had a history of PE have had impaired vasodilatation for several years after delivery, 33 and this was associated with higher joint and skin stiffness as compared to normal controls. 29 It has also been suggested that reduced expansion capacity of the venous compartment in early pregnancy could predispose to the development of PE. 45 The combination of these observations suggests that there might be a constitutionally determined connective tissue and/or venous vascular wall disorder, predisposing to the development of PE. Alternatively, there could be a direct compression of the venous system related to increased intraabdominal pressure. Arterial and venous PTT measurements might be an easy and highly accessible method to investigate these hypotheses.
Changes in PTT throughout pregnancy are consistent with known physiological vascular adaptation mechanisms in normal pregnancy and with vascular hypertonia in preeclampsia. These changes occur at both the arterial and venous sides of the circulation and can be measured using a combination of maternal ECG and vascular Doppler. Studies using this technology may improve our knowledge of gestational reactivity of maternal arteries and veins and contribute toward a better understanding of the pathophysiology of preeclampsia.
